Public responses where identical T cell receptors (TCRs) are clonally dominant and shared between different individuals are a common characteristic of CD8 ؉ T cell-mediated immunity. Focusing on TCR sharing, we analyzed Ϸ3,400 TCR ␤ chains (TCR␤s) from mouse CD8 ؉ T cells responding to the influenza A virus D b NP366 and D b PA224 epitopes. Both the ''public'' D b NP366-specific and ''private'' D b PA224-specific TCR repertoires contain a high proportion (Ϸ36%) of shared TCR␤s, although the numbers of mice sharing TCR␤s in each repertoire varies greatly. Sharing of both the TCR␤ amino acid and TCR␤ nucleotide sequence was negatively correlated with the prevalence of random nucleotide additions in the sequence. However, the extent of TCR␤ amino acid sequence sharing among mice was strongly correlated with the level of diversity in the encoding nucleotide sequences, suggesting that a key feature of public TCRs is that they can be made in a variety of ways. Using a computer simulation of random V(D)J recombination, we estimated the relative production frequencies and variety of production mechanisms for TCR␤ sequences and found strong correlations with the sharing of both TCR␤ amino acid sequences and TCR␤ nucleotide sequences. The overall conclusion is that ''convergent recombination,'' rather than a bias in recombination or subsequent selection, provides the mechanistic basis for TCR sharing between individuals responding to identical peptide plus MHC class I glycoprotein complexes.
T he immune T cell repertoire selected in response to any given peptide plus MHC class I glycoprotein (pMHCI) can be dominated by ''public'' T cell receptors (TCRs), defined on the basis of amino acid sequence identity in multiple individuals (1, 2) . Such public TCRs have been observed in a variety of antigen-specific CD4 ϩ and CD8 ϩ T cell responses in different species (1) (2) (3) (4) (5) (6) . The recurrent contribution of identical TCRs to immune responses in different individuals is intriguing, given the possible extent of the TCR repertoire. For example, the potential size of the TCR repertoire in mice is Ͼ10 15 (7) , which greatly outnumbers both the total number of T cells (Ϸ10 8 ) and the size of the actual (8) murine TCR ␣/␤ chain (TCR␣/␤) repertoire in a mouse (Ϸ10 6 ).
Various explanations have been advanced to explain the prevalence of public TCRs in different immune responses. Early studies proposed that the need to maintain self tolerance to peptides with significant self homology restricts the capacity of TCRs to recognize some epitopes (1) . More recently, peptide conformations in the MHCI groove that are flat (''vanilla;'' refs. 9 and 10) or very prominent (''hot and spicy; '' refs. 11 and 12) in the way they present to the TCR or unusual structural features of the public TCR and its interactions with pMHCI that somehow provide a high functional avidity (13) have been suggested as causes of public TCRs. Public TCRs may also be characterized by readily formulated near-germ-line recombination of the TCR V(D)J gene segments, involving no or minimal random nucleotide additions (2, 3, 14, 15) . Other possibilities are that public TCRs represent primordial germ-line-encoded TCRs that are more degenerate in their peptide-binding specificity, have higher affinity for MHC, or are somehow different from ''normal'' TCRs (14, 16) .
Independent of nucleotide addition, it is also known (17-19) that both codon usage and repetitive sequences in the germ-line D␤ segments may lead to preferential usage of particular amino acids in TCR complementarity-determining region (CDR)3, which interfaces directly with the pMHCI complex. This raises the possibility that underlying germ-line gene and codon biases may lead to some prevalent CDR3 amino acid motifs, a factor that may also influence the sharing of TCRs between individuals.
In this study, we investigated the sharing of TCR␤ sequences in the H-2D (15, (20) (21) (22) . In contrast, the response to the D b PA 224 epitope has been characterized as private, with no public sequences found (23) . Our analysis of Ͼ3,400 TCR␤s revealed that both the public D b NP 366 -and private D b PA 224 -specific responses have a high degree of sharing, with a wide range in the number of different mice sharing both amino acid and nucleotide sequences. That is, TCR sharing does not fall neatly into categories of public or private, but rather there is a broad spectrum in the number of individuals sharing TCR, of which public and private are the extremes.
The high degree of TCR␤ sharing within the private D b PA 224 -and public D b NP 366 -specific responses suggests there is a spectrum of TCR␤ sharing in all selected immune repertoires. Furthermore, these results are inconsistent with some explanations for public TCR selection that rely solely on the TCR␤ amino acid sequence or clonal dominance within the response as a mechanism for TCR sharing. That is, clonal dominance cannot be central to TCR sharing, because we see sharing in the private D b PA 224 -specific response, which is not characterized by a strong clonal dominance hierarchy. Moreover, because a spectrum of sharing was also observed among TCR␤ nucleotide sequences, TCR␤ sharing cannot be explained solely by mechanisms such as TCR protein structure or overrepresentation of some amino acids in the CDR3 region because of a combination of codon usage and germ-line bias.
The present analysis focuses on two possible determinants of the sharing of both TCR␤ amino acid and nucleotide sequences: (i) the near-germ-line nature of the TCR␤ and (ii) the variety of ways in which the TCR␤ can be generated by V(D)J recombination. The relative frequency of TCR␤ production, accounting for both the near-germ-line nature and the variety of V(D)J recombination events, provided a good explanation of the spectrum of sharing for both TCR␤ amino acid and nucleotide sequences. Table 1 ). Those TCR␤ with identical V␤, J␤, and CDR3␤ were considered to be shared when found in more than one mouse and highly shared when present in at least one-third of the mice.
Results

Extent of TCR␤
The Previous studies focused on shared TCR␤ amino acid sequences and did not address the extent to which TCR␤ nucleotide sequences are shared among mice. Within this combined cohort, we found a broad spectrum in the number of mice sharing nucleotide sequences in both the D b NP 366 -and D b PA 224 -specific repertoires. Two highly shared D b NP 366 nucleotide sequences were each found in 11/22 individuals, and there were 28 others shared by two to six mice ( Table 1 ). The D b PA 224 -specific repertoire contained 48 shared nucleotide sequences, with a maximum of five mice sharing a sequence. Thus, there was a high degree and broad spectrum of sharing of both TCR␤ amino acid and nucleotide sequences in these two very different immune responses, suggesting the same may be true of other T cell repertoires that have not been analyzed in such detail.
Shared TCR␤ Amino Acid Sequences Have Fewer Additions in Their
Nucleotide Sequences. The D b NP 366 -and D b PA 224 -specific TCR␤ nucleotide sequences were sequentially aligned with the V␤, J␤, and D␤ germ-line gene segments to calculate the germ-line contribution and the minimum number of nucleotide additions during the V(D)J recombination process. In support of the near-germ-line explanation for shared TCRs, the number of nucleotide additions was negatively correlated with the number of mice in which the amino acid sequence was present in both the D b NP 366 -specific (r ϭ Ϫ0.28, P Ͻ 0.0001, Spearman) and D b PA 224 -specific (r ϭ Ϫ0.37, P Ͻ 0.0001) repertoires ( Fig. 1 A  and B) . Despite this significant correlation, many of the shared amino acid sequences contained numerous nucleotide additions. For example, the most highly shared D b NP 366 TCR␤ amino acid sequence (found in 19/22 mice) could not be made without at least one nucleotide addition, and its median number of nucleotide additions was three, only one less than the median of four for the D b NP 366 TCR␤ sequences found in a single mouse. Similarly, for the D b PA 224 -specific response, the median number of nucleotide additions encoding the most highly shared amino acid sequence was two, only one less than the median of three for the unshared TCR␤ amino acid sequences. Thus, correlating the number of nucleotide additions and TCR␤ sharing does not explain why some TCR␤s are shared so much more than others. Moreover, the most highly shared D b NP 366 TCR␤ amino acid sequence (considered public and present in 19/22 mice) had a higher median number of nucleotide additions than the most highly shared D b PA 224 TCR␤ amino acid sequence (present in 10/18 mice; median 3 vs. 2, respectively). a.a., amino acid; n.t., nucleotide; No., number; Max., maximum; highly shared, present in at least one-third of mice; shared, present in at least two mice.
Sharing of TCR␤ Amino Acid Sequences Is Correlated with the Number
of Encoding Nucleotide Sequences. As reported in previous studies of public TCR repertoires, we also observed that highly shared TCR␤ amino acid sequences were encoded by many different nucleotide sequences (4, 20, (24) (25) (26) . The four most highly shared D b NP 366 TCR␤ amino acid sequences were derived from 11-15 nucleotide sequences, and the eight most highly shared D b PA 224 TCR␤ sequences were from two to six nucleotide sequences. The extent of sharing of a TCR␤ amino acid sequence among different mice was highly correlated with the number of nucleotide sequences encoding that amino acid sequence for both the D b NP 366 -specific (r ϭ 0.90, P Ͻ 0.0001, Spearman) and the D b PA 224 -specific (r ϭ 0.88, P Ͻ 0.0001) responses ( Fig. 1 C and  D) . Thus, the number of different nucleotide sequences encoding a TCR␤ amino acid sequence appears to predict the extent of sharing of this sequence.
Shared TCR␤ Nucleotide Sequences also Have Fewer Nucleotide
Additions. The spectrum in the number of mice sharing TCR␤ nucleotide sequences was further analyzed by investigating the relationship between the number of nucleotide additions and the number of mice in which a nucleotide sequence was present, with significant correlations being found for both the D b NP 366 -specific (r ϭ Ϫ0.35, P Ͻ 0.0001, Spearman) and the D b PA 224 -specific (r ϭ Ϫ0.25, P Ͻ 0.0001) repertoires. However, as with the shared TCR␤ amino acid sequences, many of the shared nucleotide sequences contained numerous nucleotide additions.
Shared TCR␤ Nucleotide Sequences Can Be Made in a Variety of Ways.
Because the sharing of TCR␤ amino acid sequences is associated with the number of nucleotide sequences that encode them, it is possible that the sharing of nucleotide sequences is influenced by the number of ways they can be made by V(D)J recombination. However, we are unable to distinguish experimentally among different recombination events that may have produced identical nucleotide sequences and must rely instead on estimating the number of possible ways a sequence could have been generated. The 15 nucleotide sequences encoding the most highly shared D b NP 366 -specific amino acid sequence can be used to illustrate this point ( Table 2 ). The two nucleotide sequences containing only one nucleotide addition were found in 4 and 11 mice. Similarly, sequences with two nucleotide additions were found in one to four mice. This suggests that some factor other than the number of nucleotide additions may contribute to TCR␤ sharing. Examination of the number of ways these sequences could have been spliced from the TCR␤ germ-line gene segments with only a minimal number of nucleotide additions provides insights into this hierarchy of TCR␤ sharing. For example, of the two sequences with one nucleotide addition, the more highly shared could be spliced from the germ-line D␤ regions in multiple ways and in three different frames, because of homology between the 3Ј end of the V␤ region and 5Ј end of the D␤ regions (illustrated in Fig. 4 , which is published as supporting information on the PNAS web site). By contrast, the less-shared sequence could be spliced fewer ways from the D␤ region. Thus, the number of ways that a TCR␤ nucleotide sequence can be made, combined with the estimated minimal number of nucleotide additions, provides a good explanation for the hierarchy of sharing of the nucleotide sequences encoding the most highly shared D b NP 366 amino acid sequence ( Table 2) .
Analysis of Experimental Data Suggests Convergent Recombination
Drives TCR␤ Sharing. The analysis of the experimental data suggests that the spectrum in the number of mice sharing TCR␤ nucleotide sequences is driven by the frequency of production by V(D)J recombination, which is determined both by the number of nucleotide additions and the variety of ways a sequence can be made. Similarly, the sharing of TCR␤ amino acid sequences is driven by the diversity of nucleotide sequences that can encode the same amino acid sequence and the V(D)J recombination mechanisms producing each of these nucleotide sequences. Thus, the level of sharing appears to be determined by the frequency of random V(D)J recombination events that converge to produce a given nucleotide or amino acid sequence. We term this phenomenon ''convergent recombination.'' Testing the Convergent Recombination Hypothesis. Further investigation of the convergent recombination hypothesis required knowledge of the specific V(D)J recombination event(s) that contributes to the TCR␤ sequences, a definition that cannot be achieved by analyzing sequence data. This relationship between TCR sharing and convergent recombination was addressed by developing a computer simulation of unbiased V(D)J recombination to estimate the relative frequency with which different TCR␤ amino acid or nucleotide sequences would be produced. To ensure that these estimates were not simply the number of times a few near-germ-line recombination events were repeated (i.e., the near-germ-line hypothesis of TCR sharing), we also monitored the variety of different V(D)J recombination events that produced each nucleotide and amino acid sequence.
The possibility of biased V␤/J␤ pairing was avoided by restricting the analysis of each repertoire to a particular V␤/J␤ combination (V␤8. The results of the simulations, which used an unbiased set of simulation parameters, provide a potent demonstration that the spectrum of sharing of TCR␤ nucleotide and amino sequences can be explained by convergent recombination. That is, the Table 2 . Spectrum of sharing of nucleotide sequences encoding the most highly shared D b NP366-specific TCR␤ amino acid sequence The 15 unique nucleotide (n.t.) sequences that code for the amino acid sequence CASSGGSNTGQL are shown, along with one of the possible alignments with the germ-line gene segments, the mice in which the nucleotide sequences were found, the minimal number of nucleotide additions required to produce the sequence, and the number of possible different alignments to the germ-line gene segments involving minimal nucleotide additions (these alignments are detailed in Fig. 4 ). For the illustrated alignment, the germ-line V␤8.3, D␤1 or D␤2, and J␤2S2 gene segments are shown in blue, red, and green, respectively. Nucleotide additions are underlined and shown in black.
relative frequencies with which sequences are produced are a good predictor of the spectrum of TCR␤ sharing. Moreover, although some near-germ-line-encoded nucleotide sequences were produced repeatedly by the same V(D)J recombination mechanisms, many sequences were frequently produced with numerous nucleotide additions by multiple random recombination events because there were many independent ways to make them. Similarly, some amino acid sequences were frequently produced because they were encoded by highly recurrent nucleotide sequences, and/or rich in amino acids that are germ-lineencoded and/or have high codon degeneracy.
Discussion
The search for the cause of public T cell responses has been predicated on the assumption that sharing of TCRs is a rare event and must therefore reflect some special feature of the pMHCI complex or TCR conformation. However, our study of the D b NP 366 -and D b PA 224 -specific repertoires suggests that, when the repertoire of individual mice is sampled more intensively and larger groups of mice are considered, a high degree of sharing is observed (Ϸ36% of all unique nucleotide sequences encoded a shared amino acid sequence in both the D b NP 366 -and D b PA 224 -specific repertoires). Moreover, rather than a TCR␤ sequence simply being public or private, we characterized a spectrum in the number of mice sharing both TCR␤ amino acid sequences and TCR␤ nucleotide sequences that was not in accord with many of the proposed explanations of public TCR repertoires.
Although a negative correlation between the number of nucleotide additions and the number of mice sharing a TCR␤ was observed in both the D b NP 366 -and D b PA 224 -specific repertoires ( Fig. 1 A and B) , the number of nucleotide additions could not fully explain why some TCR␤ sequences were shared so much more than others or the hierarchy of sharing of nucleotide sequences encoding the same amino acid sequence (Table 2) . Furthermore, a stronger correlation between the diversity of nucleotide sequences encoding a TCR␤ amino acid sequence and the sharing of that TCR␤ ( Fig. 1 C and D) suggested the importance of the variety of different ways shared TCR␤s can be made.
Using a computer-simulation approach to produce TCR␤ sequences by random V(D)J recombination processes (involving random nucleotide addition), we found that the relative production frequencies and the variety of different ways a TCR␤ sequence could be made was a much better predictor of TCR␤ sharing than simply considering the number of random nucleotide additions. In the case of the D b NP 366 -specific response; for example, the number of different recombination events producing a TCR␤ amino acid sequence explains Ϸ37% of TCR␤ sharing, vs. only Ϸ8% of TCR␤ sharing that is explained by the number of nucleotide additions. Thus, even with unbiased random recombination events, the probability of generating some nucleotide and amino acid sequences is higher than others because of convergent recombination.
Although convergent recombination provides a mechanistic explanation for TCR sharing, it does not explain the clonal dominance of public TCRs. Convergent recombination may play a role in TCR precursor frequency, but there are other factors, such as TCR affinity for the pMHCI complex and stochastic events, which may also influence clonal dominance. If neither the peptide shape nor the germ-line-like character of the TCR provides a consistent explanation for the occurrence of public TCRs, what then is the mechanism underlying this phenomenon? The present analysis suggests that the underlying degree and spectrum of TCR sharing is similar across different responses, and the apparent ''public-ness'' of the response is determined by the clonal dominance of T cells expressing shared TCRs. If the antigen-specific repertoire were randomly drawn from the naïve repertoire, in which there is also a high degree of sharing, (18-27% of TCR sequences shared between two mice (27)), we should expect to see shared TCRs emerge frequently in the response to different antigens. However, the experimental detection of these shared TCRs depends on both the sampling effort and the clonal dominance of these shared TCRs. In some responses, shared TCRs will be clonally dominant, more likely to be detected in multiple individuals, and thus characterized as public. In other responses, the shared TCRs will be clonally subdominant, and the extent of their sharing will be detected only by analyzing (as here) large numbers of TCRs from many individuals.
In summary, the mechanistic basis underlying public T cell responses has been an important question in immunology for over a decade. Although a variety of explanations have been advanced from individual limited data sets, there has been no consistent explanation of TCR sharing in different responses. Our analysis illuminates the mechanistic basis for this phenomenon by demonstrating that convergent recombination is a good predictor of the extent of TCR sharing in both public and private responses. Recent experiments suggest that the extent of TCR diversity in virus-specific CD8 ϩ T cell responses to persistent viruses correlates directly with the limitation of immune escape (24) . Moreover, public TCRs tend to be prominent in persistent viral infections (3, 4) . Thus, understanding the basis of public T cell responses not only is important for our understanding of immune repertoire and diversity and hierarchy, but it also has implications for immune control of pathogens and vaccine design. Estimating the Number of Nucleotide Additions. The V␤, D␤, and J␤ germ-line gene segments used in the sequence alignments were obtained from the National Center for Biotechnology Information database (www.ncbi.nlm.nih.gov). We adopted a basic process to align each sequence to the germ-line gene segments and estimate the minimum number of nucleotide additions. This involved initially aligning the 5Ј and 3Ј ends of the sequence with the V␤ and J␤ gene segments, respectively, and then matching the remaining nucleotide sequence to the D␤ gene segments. A match to a string of two or more nucleotides was considered as originating from a D␤ gene segment. Any nucleotides that were not identified with the germ-line gene segments were counted as nucleotide additions.
Simulation of TCR␤ Recombination. The simulations involved a specific V␤/J␤ germ-line gene segment pair and one of the two D␤s randomly chosen for each recombination event. Nucleotides were randomly removed from the 3Ј end of the V␤, the 5Ј end of the J␤, and both ends of the D␤, followed by random nucleotide addition between the truncated V␤ and D␤, and D␤ and J␤, gene segments (Fig. 7 , which is published as supporting information on the PNAS web site). We analyzed the in vivo frequency of the addition or deletion of different numbers of nucleotides of a portion of the naïve TCR␤ repertoire (Fig. 8 , which is published as supporting information on the PNAS web site). These distributions of nucleotide removal/addition are biased by the alignment process toward being near-germ-line and may also reflect the effects of thymic selection and peripheral survival. To avoid these biases, we allowed the simulation to randomly remove between 0 and 10 nucleotides from the V␤ and J␤ with equal probability, randomly remove between 0 and 12/14 nucleotides from D␤1/D␤2, and randomly add between 0 and 10 nucleotides (effectively biasing the simulation toward producing a greater proportion of sequences with a high number of nucleotide additions than demonstrated by the distributions). The simulations were performed using Matlab 7.0.1 (The Mathworks, Natick, MA).
Statistical Analysis. All correlations were performed by using the Spearman rank correlation and GraphPad Prism software (GraphPad, San Diego, CA).
